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Hydrogel Bisphosphonate Screw fixation microCT microFE a b s t r a c t A good fixation of osteosynthesis implants is crucial for a successful bone healing but often difficult to achieve in osteoporotic patients. One possible solution to this issue is the local delivery of bisphosphonates in direct proximity to the implants, A critical aspect of this method, that has not yet been well investigated, is the time course of the implant fixation following the drug release. Usual destructive mechanical tests require large numbers of animals to produce meaningful results. Therefore, a micro-finite element (microFE) approach was chosen to analyze implant fixation. In vivo micro computed tomography (microCT) scans were obtained, first weekly and later bi-weekly, after implantation of polymeric screws in the femoral condyles of ovariectomized rats. In one half of the animals, Zoledronate was released from a hydrogel matrix directly in the peri-implant bone stock, the other animals were implanted only with screws as control. The time course of the implant fixation was investigated with linear elastic microFE models that were created based on in vivo microCT scans. The numerical models were validated against experimental pullout-tests measurements in an additional cadaver study. The microFE analysis revealed a significant increase in force at yield of the Zoledronate treated group compared to the control group. The force of the treated group was 28% higher after 17 days of screw implantation, 42% higher after 31 days. The significant difference persisted until the end of the in vivo study at day 58 (po0.01). The early onset and prolonged duration of the implant anchorage improvement that was found in this study indicates the great potential of Zoledronate-loaded hydrogel for an enhancement of osteosynthesis implant fixation in impaired bone.
Introduction
The success of orthopedic implants is highly depending on their anchorage in surrounding bone. A good implant fixation requires a good structural integration between bone and implant surface (osteointegration) as well as a strong bone structure around the implant that can resist the loads transferred from the implant to the bone (Schiuma et al., 2013) . Many successful strategies have been developed to improve the implant osteointegration such as surface topography changing treatments, osteoconductive coatings or surface functionalization with biological molecules (Zhang et al., 2014; Jäger et al., 2007) . An improvement of the second aspect, the mechanical competence of the bone close to the implant, is however much more difficult to achieve. Due to the demographic changes in our population, more and more people suffer from age-related, bone impairing diseases such as osteoporosis (Hernlund et al., 2013) . Affected patients have a significantly increased fracture risk, and once a fracture occurred, its treatment is challenging since osteosynthesis implants are difficult to anchor in the deteriorated bone structure (Broderick et al., 2013; Cummings and Melton 2002) . High complication rates are therefore typical for osteoporotic fracture treatments and show the need for new strategies to enhance implant fixation in low quality bone. One of the most promising approaches to develop in recent years is the local delivery of anti-resorptive drugs such as bisphosphonates (BPs) in the periimplant bone. Many studies have shown that this strategy can locally enhance the bone density and therefore increase the mechanical stability of implants in animals and humans (Peter et al., 2006; Andersson et al., 2010; Gao et al., 2009; Abtahi et al., 2012) . The improvement of implant anchorage was typically measured in most of the published studies with terminal ex vivo mechanical tests such as pullout, pushout test or torque testing. As each destructive mechanical test requires the sacrifice of a group of animals, typically not more than 1 or 2 time points were investigated (Peter et al., 2006; Andersson et al., 2010; Qi et al., 2012; Skoglund et al., 2004) . As a consequence, only little is known about the time course of the BP effect on implant fixation. The temporal effect, however, is a very important aspect regarding the fact that osteosynthesis implants are placed to stabilize bone fractures. Good fracture reposition and stabilization are crucial for a successful fracture healing (Augat et al., 2005) . Therefore the onset of the positive BP effect on screw fixation should ideally occur as soon as possible after implantation and persist until the fracture has completely healed. This aspect has so far not been evaluated.
One very promising approach to monitor implant fixation in vivo is a technique introduced by Wirth et al. that combines microCT imaging with a micro-finite element (microFE) analysis for the investigation of the stability of bone-implant constructs (Wirth et al., 2010) . This group demonstrated an excellent correlation between microFE predicted pull-out strength and measured pull-out strength in a cadaveric ovine vertebra model. Stadelmann et al. applied this technique for the first time to timelapsed microCT scans from an in vivo rat model and obtained good correlations for the stiffness of the bone-screw construct (Stadelmann et al., 2013) . The use of in vivo microCT data for the microFE offers the unique possibility to closely monitor implant stability with a significantly reduced number of animals.
In addition, important bone parameters affecting the implant fixation can be identified easily as the mechanical information gained with the microFE can be directly linked with bone parameters measured on the microCT scans (Wirth et al., 2011) .
MicroFE analysis was used in this study to investigate the temporal effect of locally delivered Zoledronate, a potent BP, on the fixation of miniature screws in a rat femoral model of postmenopausal osteoporosis. The goal of this analysis was to determine if the local BP delivery can achieve the fast and durable enhancement of implant fixation that is needed for osteosynthesis implants in osteoporotic bone.
Materials and methods
The in vivo microCT data, that provided the basis for the microFE models, were obtained from an animal study published earlier by our group (Kettenberger et al., 2014) . Since the miniature polymer screws used in the in vivo study were not suitable for biomechanical pullout tests, we performed a complementary cadaver study with aluminum screws on similar bone specimens and with similar screw geometry. This cadaver study provided the data to identify a suitable failure criterion for the microFE models.
In vivo microCT study
The animal experiments were approved by the local animal care and use committee (license no. 2508.1, EXPANIM, SCAV, Epalinges, Switzerland). Eight ovariectomized rats were implanted with radiopaque polyetheretherketone screws in both femoral condyles. In 4 animals that were randomly assigned to a first group (Zol-Gel group), the pre-drilled screw holes (diameter 1.2 mm, depth 3.5 mm) were filled with 5 ml of a commercially available hyaluronic acid hydrogel (Termira AuxiGel™, Stockholm, Sweden) containing 1 mg/ml of Zoledronate (Art.-Nr. ALX-430-153-0000, Enzo Life Sciences, Farmingdale, USA). The rats of the second group (Control group) received only screws. Both femurs of all animals were scanned with a special in vivo microCT for small rodents (Skyscan 1076, Bruker microCT, Kontich, Belgium) at day 3, 10, 17, 31, 45, and 58 after screw implantation. The used scanning parameters were published earlier (Kettenberger et al., 2014) . Hydroxyapatite-polymer phantoms (diameter 4 mm, Bruker microCT, Kontich, Belgium) with known bone mineral density served as references for the microCT calibration. Not all samples of this study could be used for the microFE study as some screw heads were broken during insertion. The final analyzed samples size in Zol-Gel group was n¼ 6 for the first 4 measured time points, n¼3 for the 5th time point and n¼ 4 for the last time point. One animal from the ZolGel group had to be euthanized after 4 scans due to a tumor and one scan from the 5th time point had to be removed due to motion artifacts. The sample size in the Control group was n¼ 6 for all time points, therefore a total of 67 microCT scans were analyzed. All animals were sacrificed at the time of the last microCT scan.
Experimental pullout test
Six adult female Sprague Dawley rat cadavers with a mean weight of 310730 g were retrieved from another animal study (license no. 2567.a, EXPANIM, SCAV, Epalinges, Switzerland). The rats were lactating for 7 days at the time of sacrifice and therefore presented a significantly reduced bone density compared to normal animals (Miller and Bowman, 1998) . The 12 femurs of the animals were dissected directly after sacrifice and kept frozen in saline until use. After thawing, holes with a length of 3.2 mm were drilled unicortically in the femoral condyles with a motorized dentist's drill (DEC 100, Nobelcare, Sweden). Custom-made aluminum screws (thread length 3 mm, diameter 1.4 mm) with a 20 mm long rod attached to them instead of a screw head were inserted manually in the pre-drilled holes (Fig. 1, left) . Aluminum was chosen as screw material because this material has sufficient mechanical competence for the mechanical testing, while being artifact-free in the microCT. The inappropriate biocompatibility of aluminum however makes its in vivo use impossible. The implanted specimens were wrapped in saline soaked gauze to keep them moist during the imaging and microCT scans. The scanning parameters, adapted to the aluminum screws, were the following: spatial resolution 18.4 mm, 0.5 mm aluminum filter, voltage 60 kV, current 167 mA, exposure time 480 ms, rotation step 0.41, frame averaging 2. The microCT was calibrated again with the reference phantoms to ensure a comparability of the results obtained from the in vivo and the cadaveric study.
After the scanning, the specimens were positioned in acrylic glass rings (inner diameter 8 mm) with a guiding device that centered the screw in the ring before fixing them with dental cement (Technovits 3040 powder, Heraeus Kulzer, Hanau, Germany) (Fig. 1, middle) . This fixation technique was chosen in order to mimic the boundary conditions that were later used for the microFE study.
The pull-out test was performed with a tensile testing machine (ElectroPuls E3000, Instron, High Wycombe, England). The sample in the acrylic glass ring was placed under a plate with a 8 mm-hole that was fixed to the base of the machine. The rod as prolongation of the screw was passed through the hole and fixed in a special gripper that was attached to the head of the tensile testing machine (Fig. 1, right) . The head was moved up with a speed of 1 mm/min. Forces and displacements were recorded with a frequency of 50 Hz after a pre-load of 0.5 N was reached. Stiffness, force at yield, and force at pullout were determined for each sample from the resulting force-displacement curves, whereas the stiffness was defined as the slope of the linear part of the curve and the yield as the endpoint of the linear part where plastic deformation of the sample starts. All calculations were done with Matlab (Mathworks, Natick, USA).
2.3.
Image processing
The image processing was identical for the in vivo study and the cadaver study, only the segmentation thresholds were adapted to the different screw materials and scanning parameters based on the phantom calibration to ensure a comparability of the results. The reconstruction of the projection images was done with NRecon and GPURecon Server (Bruker microCT, Kontich, Belgium) following a protocol that was published earlier (Kettenberger et al., 2014) . Image processing after reconstruction was done with CTan (Bruker microCT, Kontich, Belgium) and Amira s (FEI Visualization Sciences Group, Burlington, USA).
The first step of the image processing was a reduction of the dataset size. A VOI, including the full diameter of the femur from 5 mm distal to 5 mm proximal to the screw, was manually defined on all scans using CTan. The background and the patella were then removed with an automated algorithm. The preprocessed datasets were loaded in Amira s for a further processing with a custom written script. A reference dataset with a height of 6 mm was created with the screw in the center and concentric regions measuring 3, 4, 5, 6, 7 and 8 mm in diameter around. All datasets were superpositioned on the reference dataset, ensuring an equal alignment and positioning of all screws for the microFE analysis (Fig. 2) . In a next step, the datasets were transformed to the coordinate system of the reference dataset and resampled by a factor of 3 using the standard interpolation mode of Amira s to reduce computing costs. The new voxel size after resampling was 55.2 mm. A noise reduction median filter was applied after transformation and resampling to smooth the resulting images. In a next step, the images were segmented by assigning different gray values to screw, background, bone, and bone marrow in each region allowing a separate analysis of bone and microFE results in different distances from the screw (Fig. 2) . The bone volume Fig. 1 -Preparation of the rat femurs for the pull-out test. Left: implantation of special aluminum screws in the femoral condyles. Middle: fixation of the specimen in acrylic glass rings with dental cement. Right: pull-out test performed with a tensile testing machine.
j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 4 5 ( 2 0 1 5 ) 2 2 -3 1 fraction (BV/TV) including both cortical and cancellous bone was analyzed in the inner region with a diameter of 3 mm on the processed microCT scans.
microFE analysis

Creation of the microFE models
After image processing, linear elastic microFE models for all microCT scans of the in vivo and the cadaver study were created by converting image voxels to linear isotropic hexahedral finite elements (Muller and Ruegsegger, 1995) . A cube of the same size as a microCT stack was created in the commercially available simulation software Abaqus. The cube was meshed with hexahedral elements whereas the edge length of one element in the model was equal to the edge length of one voxel in the pre-processed microCT datasets (55.2 mm). An in-house Matlab script was used to assign mechanical properties to the elements according to the gray values in the microCT datasets. For the numerical models of the in vivo study we chose titanium as screw material as this is a common material for small bone screws and therefore gives more beneficial results than a model with PEEK screws. Different properties were given to bone (E¼ 6.8 GPa, v¼ 0.3) (Stadelmann et al., 2013) , bone marrow (E ¼0.05 MPa, v¼ 0.3) (Perren, 1979) , the titanium screws of the in vivo study (E ¼110 GPa, v¼ 0.32) and the aluminum screws of the cadaver study (E ¼70 GPa, v ¼ 0.35) (Stadelmann et al., 2013) . No difference was made between the properties of cancellous and cortical bone as published before (Kabel et al., 1999) . Elements surrounding the bone, which were identified as background during image processing, were removed from the model. The nodes of bone elements, located at the intersection with a virtual 8 mm ring around the screw, were fully constrained according to the sample fixation during the experimental pull-out test (Fig. 2) . A displacement of 0.1 mm along the screw axis was applied to the top surface of the screw head in order to simulate the pullout test. The microFE simulations were performed on a cluster (Castor, EPFL, Switzerland) consisting of 50 nodes with 16 CPUs and 64 GB user memory each. We analyzed the reaction force on the screw head associated to the displacement, the resulting bone stiffness and the corresponding octahedral shear strain (γ oct ) in the bone. Post-processing was done with an in-house python script.
Identification of the failure criteria
The failure criteria for the microFE models of the present study were identified based on the experimental results of the cadaver study. Therefore the experimentally measured forces at yield and pullout were compared with the microFE predicted reaction force at different strain states. Bone failure was assumed to occur when a certain bone volume fraction within a predefined VOI exceeded a critical strain level. Instead of using an effective strain criterion as has been done in other studies (Wirth et al., 2010; Stadelmann et al., 2013; Pistoia et al., 2002) , we have chosen an octahedral shear strain criterion as it has been shown to be a good predictor for the spatial distribution of microdamage within trabecular bone (Nagaraja et al., 2005) . For the determination of the best failure criteria for forces at yield and pullout, we analyzed the microFE predicted reaction force at the points where a certain volume fraction of the bone within our pre-defined ROI (highly strained bone volume fraction) passed a certain level of γ oct . To identify the best linear correlation, we analyzed combinations of 3 VOIs (diameter 3 mm, 4 mm, and 5 mm, height constant at 6 mm), 3 levels of γ oct (0.5, 0.7, 1.0%) and 6 highly strained bone volume fractions (from 5 to 30%). The analyzed strain range was chosen based on published values (Morgan et al., 2009; Carter et al., 1981) . The combination that provided the highest coefficient of determination (R 2 ) and the lowest p-value was chosen as critical strain level and critical highly strained bone volume fraction for a prediction of the force at yield and at pullout in the in vivo study.
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Simulation of the Pull-out: -Cylindric Constraint of the Sample -Vertical Screw Head Displacement The experimentally measured stiffness from the cadaver study was compared to the microFE predicted stiffness to test for a linear correlation and to determine a scaling factor as microFE is known to significantly overestimate the boneimplant stiffness (Wirth et al., 2010) .
Analysis of the in vivo data
After identification of the failure criteria and the correlations, the microFE models created from in vivo microCT scans were used to predict the force at yield and pullout as well as the bone-implant stiffness for all specimens at the 6 analyzed time points. Furthermore all possible correlations between BV/TV, stiffness, force at yield and force at pullout were examined for both the cadaver and the in vivo study. Finally, BV/TV from the cadaveric study was compared with the initial BV/TV of the in vivo Control group to test the comparability between the results.
Statistical analysis
The statistics analysis was done with Matlab. Significant differences between the Control group and the Zol-Gel group were assumed for a p-value smaller than 0.05 and tested with a Wilcoxon ranked sum test, as not all results were normally distributed.
Results
Experimental pullout test
Nine specimens were analyzed in total, 3 had to be excluded due to an atypical force-displacement curve without detectable yield that suggested that the screws were loose already at the beginning of the test. The average force at yield was 15.472.4 N (from 11.1 N to 20.1 N), the average force at pullout was 21.674.0 N (from 13.0 N to 29.5 N), and the average boneimplant stiffness was 107.6725.7 N/mm (from 59.2 N/mm to 150.1 N/mm). A close inspection of the screws after pull-out did not show any damage to the screw threads.
Identification of the failure criteria for the microFE models
One microFE model was created for each experimentally analyzed cadaveric femur (9 models in total) and run successfully. The degrees of freedom in the models ranged from 2.1 to 3.1 million, requiring about 6 h of computing time for each sample. The coefficients of determination (R 2 ) and p-values of all analyzed combinations of VOI, highly strained bone volume fraction and γ oct can be found in Table 1 for the force at yield and in Table 2 for the force at pullout.
For both analyzed forces, the best correlations between numerical predictions and experimental measurements were obtained for a highly strained bone volume fraction of 30% at an octahedral shear strain level of 0.5% measured within a cylindrical VOI with a diameter of 3 mm. This finding was in agreement with a linear correlation between experimental force at yield and experimental force at pull-out (R 2 ¼0.887, p¼0.0002). The correlation between measured and predicted force at yield was better (R 2 ¼ 0.751, p¼0.0025) than between measured and predicted force at pullout (R 2 ¼ 0.651, p¼0.0086).
Both predicted forces were overestimated by the numerical model by a factor of 6.1 and 6.8 (calculated based on the means of measured and predicted values). Therefore the predicted forces for the in vivo study were corrected based on the identified correlations (Fig. 3) . A significant, but weaker linear correlation was obtained for the measured and predicted bone-implant stiffness (R 2 ¼ 0.524, p ¼0.0275) (Fig. 4) . The predicted stiffness was highly overestimated by a factor of 19.1, and again corrected based on the correlation for the in vivo study.
Analysis of the in vivo study
All 67 microFE models were created and analyzed successfully. Values for the force at yield and force at pullout, as well as for the bone-implant stiffness were predicted for all samples at all analyzed time points (Fig. 5) . The initial predicted force at yield was 16.471.1 N in the Control group and 16.171.0 N in the Zol-Gel group (Fig. 6 left) . 
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In the Control group it increased by 9% to 17.871.3 N between day 3 and day 10 and then did not show any marked changes until day 58. For the Zol-Gel group, however, a total increase in the predicted force at yield of 50% to 24.171.4 N was found between day 3 and day 31 followed by a slight decrease by 4% until day 58. The difference between the two groups was highly statistically significant starting from day 17. A similar time course was also found for the force at pullout (Fig. 6 right) and the predicted stiffness (Fig. 7) due to the correlations between all parameters. The force at pullout increased in the Control group from 23.471.7 N at day 3 by 10% to a maximum of 25.872.2 N at day 10 and did not change significantly any more until the end of the study. The Zol-Gel group started with a force at pullout of 23.071.6 N that increased in total by 57% up to 36.070.8 at day 31 followed by slight decrease of 3% until day 58. The initial value of the predicted stiffness was 145.5712.7 N/mm in the Control group and 147.3717.8 N/mm in the Zol-Gel group and rose by 16% to 169.9723.0 N/mm at day 58 in the Control group and by 55% to 229.1 N/mm at day 45 in the Zol-Gel group. Again, a statistically significant difference was found between the groups starting from day 17. (Table 3) . For the measured BV/TV and all predicted parameters of the in vivo study, we found high linear correlations between BV/TV and force at yield/pullout (R 2 ¼0.822) and stiffness and force at yield/ pullout (R 2 ¼ 0.862) and a lower correlation for BV/TV and stiffness (R 2 ¼ 0.671) ( Table 3) . As force at yield and force at pullout are determined based on the same reaction force from the model, their correlation is 1 and they have equal R 2 when compared with other parameters. No significant difference was found between the BV/TV in the cadaver study and the initial BV/TV of the in vivo Controlgroup (p¼ 0.428).
Discussion
The goal of the present study was to investigate the temporal influence of locally delivered Zoledronate on the implant fixation in a rat model of postmenopausal osteoporosis. This was done based on time-lapsed in vivo microCT scans that were taken weekly to bi-weekly from screw implantation sites. The scans were used to create linear elastic microFE models, that could predict force at yield and pullout as well as stiffness of the bone-implant construct. With this microFE approach, we were able to confirm numerically the positive effect of locally delivered Zoledronate on implant fixation. More importantly, the combination of in vivo microCT with microFE analysis revealed insights in the time course of the Zoledronate effect showing, that a significant enhancement of screw fixation can be expected in rats as early as 17 days after implantation and can persist for minimum 6 weeks after onset. This result is of key importance considering the aim of the local bisphosphonate delivery, which is the rapid stabilization of osteosynthesis implants in osteoporotic patients. The possibility for an early loading of the implant is crucial for an early mobilization of the patients. Therefore the drug effect should occur as soon as possible after implantation and persist until the fracture has healed completely.
A close investigation of the results from this study highlighted that the load in this femoral model of postmenopausal osteoporosis was mainly transmitted from the screw in the cortical bone as only little amounts of cancellous bone structure were left. The increase in force at yield and pullout as well as in stiffness for the Zol-Gel group was also caused to a high extent by the periosteal callus formation and resulting thickening of the cortex which was observed in this group around the screw head (Kettenberger et al., 2014) . The newly formed trabecular bone seems to play a less significant role for the load transfer. No significant callus formation was observed in the control group which explains the small increase in predicted force at yield by only 9% occurring already during the first 10 days. Stadelmann et al. investigated the time course of the implant fixation in rat tibia without any pharmacological treatment (Stadelmann et al., 2013) . They reported a time course similar to the one found in the present study for the force at yield with a peak at day 9, the reported maximum gain in force at yield however was much higher with 71% (Stadelmann et al., 2013) . This significant difference might have been caused by the difference in screw size and geometry as well as by the intact trabecular bone structure of the healthy rats used in their study. The experimental data for force at yield and pullout, as well as for the stiffness, that were reported in this study, are generally low compared to published data from other rat studies (Andersson et al., 2010; Stadelmann et al., 2013) . This can be explained by the experimental pullout test conditions of the present study including small screw size, the non-osteointegrated state of the screws and the low bone density of the rat cadavers used. When comparing the in vivo results of this study with previously published experimental data, excellent agreement can be found. Skoglund et al. performed pullout tests with miniature screws implanted in rat tibiae. They reported a 15% larger force at pullout and 28% higher stiffness in animals that received miniature screws with a local dose of ibandronate compared to control 14 days after implantation . We found an increase in predicted force at pullout of 8% after 10 days and 32% after 17 days as well as an increase in stiffness of 16% after 10 days and 35% after 17 days for the Zoledronate treated animals. Other studies obtained also similar values two weeks after screw implantation and bisphosphonate release (Tengvall et al., 2004; Wermelin et al., 2008) . One more study from the Aspenberg group reported a 41% increase in pullout force for BP coated screws after 4 weeks (Agholme et al., 2011) what corresponds again very well with the 42% increase that we found after the same time period. We found only one long term study published by Wermelin et al. that investigated the temporal effect on screw fixation of pamidronate and ibandronate immobilized on stainless steel screws via a fibrinogen layer (Wermelin et al., 2007) . For screws implanted close to the diaphyseal area in rat tibiae, a position comparable in terms of trabecular bone density to our OVX femoral model, they reported an increasing difference in pullout load between control and BP animals until week 4 (69%) which diminished at week 8 (43%). In the present study the peak difference between Control group and Zol-Gel group was also identified at week 4 (42%) and slightly diminished at week 6 (39%) and week 8 (31.5%). Lower values in the present study might again be caused by smaller screws and the reduced trabecular bone density.
The screws used in the present in vivo study were made from a special barium sulfate-loaded PEEK that is visible on microCT scans but, unlike titanium or stainless steel implants, is relatively artifact-free. This way we eliminated one of the limitations of other microFE studies, which were based on in vivo microCT scans presenting metal artifact biased peri-implant bone structure (Wirth et al., 2010; Stadelmann et al., 2013) . At the same time, the comparatively soft polymer screws did not allow us performing pullout tests for a validation of the model. Therefore we did a complementary study with rat cadavers for an identification of the possible correlations, which was designed to be as similar as possible to the actual in vivo study. The aluminum screws used for the cadaver study had an identical geometry as the PEEK screws of the in vivo study. Aluminum was chosen as screw material as it is relatively artifact-free in the microCT but nevertheless has sufficient mechanical properties for a pullout test. The bone loss situation was comparable in the lactating rats of the cadaver study and the OVX rats of the in vivo study as confirmed by comparison of the BV/TV. In the cadaver study we found a good linear correlation between predicted and measured force at yield (R 2 ¼ 0.75, p¼0.003) and a weaker correlation for the force at pullout (R 2 ¼0.65, p¼0.009) within a VOI of 3 mm diameter, with an octahedral shear strain level of 0.5% and a highly strained bone volume fraction of 30%. A significant but weaker linear correlation was also found for (Wirth et al., 2010; Stadelmann et al., 2013) . One possible explanation for this difference is probably due to our osteoporotic model with a load transfer from the comparatively small screws mainly into the cortices. The numerical models used for the present study were purely linear elastic, therefore only the linear elastic first part of the pullout test could be reliably predicted. The weak linear correlation that was found in this study between the measured and predicted force at pullout is caused by a linear correlation between the measured force at yield and the measured force at pullout. This linear correlation is not typical for pullout tests with bone screws (Stadelmann et al., 2013) and must be considered as being model-specific. Another limitation concerns the interface between screw and bone, which was considered as being fully bound in the numerical models. This assumption might be justifiable for fully osteointegrated screws but is questionable for screws directly after insertion or implanted into cadaveric bone. However, in screws unlike in pins, the threaded part of the screw achieves a form closure and prevents friction to have a decisive contribution to the pullout forces (Wirth et al., 2010; Stadelmann et al., 2013) . The interface boundary condition, however, is most probably one of the main sources for the stiffness overestimation in our model. As already discussed by Wirth et al. (2010) , some slipping between the screw and the bone, between the bone and the dental cement and some backlash in the experimental set-up is impossible to avoid. In our study, the small size of all components further complicated the experimental testing. Another factor that might have caused an overestimation of all predicted parameters, is the bone material property that was chosen based on the literature.
Additional bias of the predicted results is related to a down sampling of the element size from 18.4 mm (microCT resolution) to 55.2 mm. This step was necessary to reduce computational costs, but it might have also distorted thin trabecular structures . However, as mentioned above, the main loads in this osteoporotic model are taken by the cortices. Those are comparatively wide and therefore less sensitive to the bias that is caused by a reduction of the resolution. One further limitation that affects microCT based studies in general is the fact that computed tomography can detect the degree of mineralization of the bone but is unable to differentiate between mature lamellar bone and unstructured woven bone (Mulder et al., 2008) . Woven bone can have a higher degree of mineralization than lamellar bone, but its irregular oriented collagen fibers and irregular mineralization patterns make it mechanically inferior (Currey 1998) . The microFE approach considers all bone parts that exceed a certain mineralization degree (gray value threshold for bone segmentation) as equally mechanical competent. This might be a disadvantage in the current study as the bone trauma caused by the insertion of an implant is known to cause a rapid formation of woven bone in direct proximity of the implant (Marco et al., 2005) . We recently showed that this early peri-implant bone formation is even enhanced by a fast local delivery of Zoledronate (Kettenberger et al., 2014) . Studies have also shown that the BP can delay the remodeling of the newly formed woven bone to lamellar bone (McDonald et al., 2008) , however the intrinsic mechanical properties of healing bone should not be affected by the BP (Amanat et al., 2008) . All those processes and factors are not taken into account in the microFE analysis. For future studies, one possible improvement for this limitation could be the combination of dynamic histomorphometry (Kettenberger et al., 2014; Schulte et al., 2011) and microFE to identify newly formed bone. Depending on the maturity of the bone, the bone properties could then be adapted in the microFE model.
Despite several inherent limitations, the good correlations between the results of the present study and published experimental and numerical data confirm the great potential of microFE analysis to predict the time course of implant fixation in vivo and to assess how it is altered by the presence of the locally delivered Zoledronate.
Conclusions
With the present study, we were able to describe the time course of the Zoledronate effect on implant fixation in vivo based on microFE analysis. The locally delivered BP was predicted by the microFE model to significantly improve force at yield and pullout as well as stiffness already 2 weeks after screw implantation in a femoral rat model of postmenopausal osteoporosis. The difference between the groups persisted until the end of the study after 8 weeks. Those results indicate that the local delivery of bisphosphonate from a hydrogel matrix can improve the fixation of implants in impaired bone rapidly and over a long time period. These are very important aspects considering the fact that the bisphosphonate delivery system is intended to stabilize osteosythesis implant systems in osteoporotic bone.
